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Abstract
Liquid–solid extrusion directly following vacuum infiltration (LSEVI) is an infiltration–extrusion integrated forming technique, and transverse
weld between upper residual magnesium alloy and magnesium matrix composites is a common internal defect, which can severely reduce the yield
of composite products. To improve current understanding on the mechanism of transverse welding phenomenon, a thermo-mechanical numerical
model of LSEVI for magnesium matrix composites was developed. The formation of transverse weld during extrusion was visualized using finite
element simulation method, and the formation mechanism was discussed from the aspect of velocity field using a point tracking technique. The
simulation results were verified by the experimental results in term of weld shape.
© 2015 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
Magnesium matrix composite is a light-weight structural
material with high performance, and has a wide application
prospect in high-precision aerospace system, automotive indus-
try and sports equipment due to their superior mechanical prop-
erties [1–3]. However, their applications are usually limited by
poor formability and relatively high fabrication cost. The devel-
opment of cost-effective fabrication techniques, therefore, is an
essential element for expanding their applications. Liquid–solid
extrusion following vacuum infiltration (LSEVI) is a special
forming technique that integrates vacuum infiltration, squeeze
casting and semi-solid extrusion [4]. It has a series of merits
such as densification of matrix microstructure, uniform disper-
sion of reinforcement, perfect interfacial bonding, low defor-
mation resistance in the liquid–solid state, and near-net
forming.
Besides surface cracks and central cracks, inhomogeneous
metal flow in liquid–solid extrusion process always leads to
the formation of a cone-shaped transition region between the
residual magnesium alloy and the composites (see Fig. 1). The
interface (transverse weld) region is always porous due to the
different flow velocities and solidification shrinkage levels
between the composites and residual magnesium alloy. Hence,
the transition region was usually cut out to obtain the pure
composite section. However, it is hard to determine the position
and length of weld seam by non-destructive method. In extru-
sion production, the transverse welding patterns and length are
generally estimated by trial-and-error. By comparison, FEM
technique is an effective and low-cost defect prediction method
[5], which has been successfully applied on studies of trans-
verse weld formation in hot extrusion process of aluminum
alloy [6–8], trying to understand welding behavior concentrated
upon the fact that die modification may influence the weld
length and quality [9]. In this process, the new billet is welded
onto the back surface of the old billet under extrusion force to
maintain continuous production. However, the discontinuity
caused by a weld interface in the microstructure of the extruded
product can severely reduce the strength of the product, so it is
important to minimize the transverse weld interface length
while at the same time providing a high-quality weld.
For hot extrusion, the welding process is achieved in solid
state between two same billets. The LSEVI is carried out in the
semi-solid state containing a small amount of liquid phase, and
the transverse weld is formed between composites and matrix
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metal. In addition, before extrusion, the composites and matrix
metal bond together during solidification. At present, simulation
studies about LSEVI are mainly concentrated on the load-stroke
curve, temperature history, deformation pattern or macroscopic
material flow, e.g. Qi et al. [10] used coupled thermal–
mechanical rigid-viscoplastic FEM to analyze the solidification
and subsequent extrusion process of composites, and gained the
distribution of the stress, strain, flow velocity and temperature
evolution in the extrusion process. Wang et al. [11] applied
three-dimensional thermo-mechanical finite element method to
reveal the formation mechanism of surface cracks based on
temperature and velocity fields in the extrusion process.
However, previous studies neglect the effect of residual
magnesium alloy on the flow behavior of composites, and the
transverse weld phenomenon has not been studied. In present
paper, the thermo-mechanical finite element model of LSEVI for
magnesium matrix composites reinforced by short carbon fibers
was developed. The aim of this study is to provide an insight into
the transverse weld phenomenon in LSEVI.
2. Modeling
LSEVI technique consists of four steps. First, magnesium
alloy is melted in a sealed melting furnace, which is filled
with argon to prevent oxidation, and carbon fiber preform
is simultaneously preheated in extrusion die. Second, when
the magnesium alloy and preform are preheated to the preset
temperatures and held for a long time, the liquid meal is sucked
into extrusion die via a stainless steel pipe which connects the
melting unit and extrusion die, and then infiltrated into the
preform immediately under gas pressure. Third, after infiltra-
tion, the magnesium alloy is forced to solidify under high
squeezing pressure of punch. Finally, the infiltrated composites
containing a small fraction of liquid phase are extruded out via
the die exit when the container is cooled to the preset tempera-
ture. The schematic diagram of experimental setup is shown in
Fig. 2.
In this study, the FE model of LSEVI consists of five objects
to be simulated: billet (composite and magnesium alloy),
punch, container, forming die, and plug rod, as schematically
shown in Fig. 3. Due to the symmetry of billet, tools, boundary
conditions and loads in whole forming process, half of the
actual model was selected to establish the finite element model
in order to reduce the computational workload and storage. To
ensure computing convergence and computing precision,
remeshing is necessary. The maximum interference depth was
selected to start a remeshing procedure. If any portion of a
master object (tools) penetrates into a slave object (billet)
beyond a critical depth (it takes 0.25 mm in present model),
remeshing will be triggered.
The thermo-mechanical behavior of the magnesium matrix
composite at both the elevated temperature and in the
semi-solid state was described using a modified viscoplastic
law, which considers the effect of liquid phase [12],
Fig. 1. Longitudinal section of composite rod fabricated by extrusion directly following vacuum infiltration technique.
Fig. 2. Schematic diagram of liquid–solid extrusion following vacuum infiltration.
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where σ, ε , T, and fl denote flow stress (MPa), strain rate (s−1),
deformation temperature (K), and liquid fraction, respectively.
A, a, and b are material constants. n, R, and Q denote stress
exponent, universal gas constant (J/mol·K), and apparent
activation energy (J/mol). These material parameters in Eq. (1)
were determined using multiple linear regression method
based on the compression test data of flow stress and
strain: n = 7.8351, A = 3.0578, a = 1.0044, b = 4.2910,
Q = ×2 071 105. . The thermo-mechanical behavior of matrix
AZ91D magnesium alloy was described using a viscoplastic
constitutive model, which integrated the effect of temperature,
strain rate, and strain [13],
σ ε ε ε= ⋅ ⋅+ + +A eBT C DT E FT G T (2)
The values for the material parameters in Eq. (2) were
determined through hot compression tests: A = 30.85,
B = 2.5 × 10−5, C = 0.1051, D = 5.8 × 10−5, E = −0.02,
F = 24.16, G = −2 × 10−4. The tooling was considered as
thermo-rigid body. Both of these material models neglected the
elastic behavior of the billet and tooling materials. The thermal
conductivity and specific heat capacity were calculated from the
thermo physical properties of AZ91D magnesium alloy and
carbon fiber according to the mixing rule, and the effect of
latent heat on the temperature field during solidification was
treated using equivalent specific heat method [14].
The convection heat transfer coefficient between tools,
extrudate and environment takes 0.1, and the surface radiation
coefficients of extrudate and tooling take 0.12 and 0.7, respec-
tively. Due to the fact that interfacial heat transfer coefficient is
always proportional to normal pressure, a linear relationship
between the heat transfer coefficient and the pressure levels
used for squeeze casting was selected in this simulation [15].
The semi-solid material usually sticks to the die surface under
the large contact pressure in the liquid–solid extrusion process,
the shear friction model is more suitable for this situation. The
friction between billet and container wall is a sticking friction,
so the friction factor takes 1 [16]. The conical surface and
bearing of the forming die were coated with oil-based graphite
as lubricant, so the friction coefficient between billet and
forming die takes 0.3.
The simulation of LSEVI process consists of two steps. The
first step is heat transfer analysis of mushy composites and
residual magnesium alloy during solidification process. The
second step is thermo-mechanical analysis in the liquid–solid
extrusion process. The obtained temperature field by the first-
step simulation was set as the initial temperature conditions of
the second-step simulation. The dimensions of billet and die as
well as the main process parameters adopted in the current
numerical simulation are listed in Table 1.
3. Results and discussion
Figure 4 shows the simulation results about the formation of
a transverse weld between the residual Mg alloy and composite.
It can be seen that the interface between residual Mg alloy and
composite does not remain flat when flowing toward the
forming die, and the central part of the billets moves much
faster than the billet surface. When the punch moved down
30 mm, the front of the magnesium alloy has entered into die
land, and the distance between the upper surface and flow front
has reached 36.68 mm. When punch stroke reached 40 mm,
which exceeds the composite billet height, the composite billet
has still not been completely extruded out of the forming die,
and the residual part sticks to container wall, forming a clad
Fig. 3. Geometry models and meshes of the billet, die and other extrusion tooling.
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layer. The magnesium alloy flowed into the center of composite
extrudate, exhibiting an inverted cone. The interface between
the flow front of magnesium alloy and the composite clad layer
is just the transverse weld.
The formation of the transverse weld is usually ascribed to
the inhomogeneous metal flow in hot extrusion process [6]. In
order to reveal the formation mechanism of the transverse weld
in LSEVI, four tracking points (P1, P2, P3 and P4) evenly
spaced at the welding interface between the magnesium alloy
and composite were selected, and the flow velocities of these
points along the extrusion direction as function of punch stroke
are shown in Fig. 5. It can be seen from Fig. 5 that the velocity
curves of P1, P2, and P3 can be divided into four stages: in the
first starting stage, the flow velocity increases sharply to a
certain value, and then enters a long stable stage (the second
stage). In this stage, the velocity difference is relatively smaller.
When the punch stroke reaches about 25 mm (the third stage),
the flow velocities sharply increase again, and deformation
non-uniformity is obviously aggravated, this may be attributed
to that P1, P2, and P3 gradually approach deformation zone,
where the billet is in the semi-solid state with low deformation
resistance and better flowability. Figure 6 shows the position
changes of the tracking points crossing the deformation zone as
function of punch stroke. It can be seen from Fig. 6 that when
punch stroke reaches 25 mm, P1, P2, and P3 enter the semi-
solid zone one by one, in which the liquid fraction increases
from outer zone to inner zone at the die exit. The higher the
liquid fraction, the better the flowability is for magnesium alloy.
Hence, the presence of liquid phase further aggravates the
deformation inhomogeneity, which can be verified by our pre-
vious experimental results [17]. In the final stage, a new stable
stage appears, and the flow velocities were almost same.
However, the flow velocity of P4 is always almost constant, and
even lower than the punch velocity, which can be ascribed to the
sticking friction between billet and container.
To validate the model, the same process parameters were
adopted to fabricate the composite rod using LSEVI technique,
and the remaining materials in the forming die were sectioned
using electrical discharge machining technique, as shown in
Fig. 7. It can be seen from Fig. 7 that the remaining material can
be divided into two parts in term of color, i.e. dark clad layer
and central light region. According the observation using a
microscope, they are composite and Mg alloy, respectively. By
comparing Fig. 7 and Fig. 4d, it can be found that the simulation
results basically agree with the experimental one in term of
weld shape.
To minimize the weld length, optimization of the metal flow
during extrusion processes is an important means. There are
many factors influencing the metal flow, among which the die
structure is closely related to non-homogeneity of metal flow. In
order to reveal the influences of die structure on the shape and
length of weld seam, another cone-shaped dies with die semi-
angle 45° and 60° were selected for comparison. Figure 8 shows
the simulated weld shape under different die semi-angles. It can
be seen that the corresponding weld lengths are 57.59, 75.17,
and 90.72 mm, which indicates that weld length increases with
Table 1
Simulation and experimental parameters.
Parameter Value Parameter Value
Container insider diameter (mm) 45 Initial forming die temperature (°C) 550
Diameter of the die exit (mm) 20 Initial plug rod temperature (°C) 550
Die semi-angle (°) 55 Initial punch temperature (°C) 300
Composite billet height (mm) 35 Ambient temperature (°C) 20
Mg alloy billet height (mm) 15 Extrusion temperature (°C) 400
Initial billet temperatures (°C) 800 Punch velocity (mm/s) 2.5
Initial container temperatures (°C) 600 Punch displacement (mm) 40
Fig. 4. Evolution of transverse weld during liquid–solid extrusion, S denotes punch stroke.
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increasing die semi-angle in the range of 45°–60°. However, the
smaller the die semi-angle, the smaller the dead metal zone is.
Considering that the outside surface of the extrudate originates
from the material moving along the dead metal zone [18],
which is necessary to remove some impurities at the outer layer
of the billet, otherwise, it may be extruded out from the forming
die and reduce the surface quality of extrudate, hence a mod-
erate die semi-angle 55° was selected.
4. Conclusions
A 2-D numerical model of liquid–solid extrusion directly
following vacuum infiltration has been developed using the
commercial FEM package DEFORM, and the formation
process of transverse weld between residual magnesium alloy
after infiltration and composite was simulated, and the main
conclusions can be summarized as follows:
(1) The formation process of transverse weld can be mainly
ascribed to the nonuniform flow of materials, which was
caused by the sticking friction between billet and con-
tainer as well as the presence of liquid phase in the defor-
mation zone.
(2) Simulation results are basically consistent with the
experimental one in term of weld shape. Weld length
increases with increasing die semi-angle in the range of
45°–60°, and it can be shortened by employing smaller
die semi-angle.
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Fig. 5. Flow velocity of the tracking points along extrusion direction.
Fig. 6. Position of the tracking points as function of punch stroke, liquid fraction denotes the volume fraction of liquid phase in the semi-solid material.
Fig. 7. Longitudinal section of remaining material in the forming die showing
the shape of transverse weld.
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